Procedures for characterising mining wastes in Western Australia tend to focus on potential for producing acid rock drainage (ARD) Comprehensive geochemical evaluation of process tailings, waste rock and soil materials from two mine sites was undertaken prior to planning for a suitable cover design to rehabilitate the tailing storage facility (TSF) at each mine site. The TSF at one of these sites was rehabilitated in 2005. The second TSF is currently being rehabilitated.
Introduction
Numerous lead-zinc sulphide deposits of the Mississippian Valley type are known to occur within the Lennard Shelf and several have been mined in recent years. The Lennard Shelf extends for approximately 350 km from near Derby to 100 km southeast of Fitzroy Crossing. MBS Environmental (MBS) has contributed to several lead-zinc projects; from submission of Mining Proposal for approval by Government regulators to closure and rehabilitation.
Comprehensive geochemical evaluation of process tailings, waste rock and soil materials from two mine sites was undertaken prior to planning for a suitable cover design to rehabilitate the tailing storage facility (TSF) at each mine site. The TSF at one of these sites was rehabilitated in 2005. The second TSF is currently being rehabilitated.
Testing of waste rock and process tailings using conventional acid rock drainage (ARD) laboratory test procedures indicated that potential for acid drainage from waste rock stockpiles and both TSFs was extremely low. However toxicants can also be released from chemical weathering of waste rock and tailings materials without generation of acidity. Some metals and metalloids are equally soluble under alkaline or neutral conditions as they are under acidic conditions. The Global Acid Rock Drainage (GARD) Guide identifies three types of mine drainage with the following approximate thresholds:
• pH greater than six: neutral mine drainage (NMD) and saline drainage (SD)
• pH less than six: acid mine drainage (AMD)
• Sulphate concentration of 1,000 mg/L: threshold between NMD and SD. Figure 1 shows the domains of ARD, NMD and SD as functions of sulphate concentrations and pH.
Several years of monitoring profiles of tailings stored in each TSF during the operational phase of the both mine sites indicated oxidation of tailings released several metals and metalloids in to the tailings porewater.
Of particular interest was the heavy metal thallium, a contaminant occasionally encountered in other Mississippian Valley Type lead-zinc deposits in other countries, but rarely encountered in Australia.
This paper presents the results of an investigation of the geochemistry of thallium in lead-zinc tailings and implications for rehabilitation of TSFs containing these materials. 
Tailings

Acid base accounting
Samples of tailings were collected from the surface (0-100 mm) at 16 locations within the TSF and analysed for ARD characterisations using standard acid-base accounting procedures (DITR, 2007) . Maximum potential acidity (MPA) was calculated from the concentration of non-sulphate sulphur, which in turn was calculated from the difference between total sulphur and sulphate-sulphur. This method assumes that most of the non-sulphate-sulphur is present as iron sulphides, which generate acidity upon oxidation. Apart from residual lead sulphide (galena) and zinc sulphide (sphalerite), which are do not generate acid when oxidised, the dominant sulphide was identified as marcasite (FeS 2 ).
Acid neutralising capacity (ANC) was measured by the classical Sobek method (Sobek et al., 1978) . The samples were also analysed for total carbonate to provide an estimate of the calcium carbonate content, the dominant acid-consuming mineral in the tailings.
Net acid production potential (NAPP) was calculated as the difference between MPA and ANC. Negative NAPP values indicated the tailings were likely to be Non Acid Forming (NAF).
Results for analysis of the surface tailings are presented in Table 1 .
Negative values for NAPP clearly demonstrate that the tailings are NAF. Other information provided by the AMD assessment was:
• Almost all of the ANC is provided by calcium carbonate. Based on the mean value of 10.74% for total carbon, the calcium carbonate content is estimated to be 89%.
• Approximately 20% of the total sulphur is present in the fully oxidised sulphate form. The remaining 80% is present mainly as unoxidised marcasite.
The amount of ANC in the tailings exceeds the maximum amount of acid that can be generated by complete oxidation of the sulphides by a factor of seven. 
Elemental composition
Mean concentrations for major elements and potential contaminants provided by analysis of the 16 surface tailings samples using an acid (aqua regia) digestion procedure is presented in Table 2 .
These results confirm that most of the ANC is provided by calcium carbonate. High concentrations of residual lead and zinc were recorded, along with significant amounts of arsenic, silver, cadmium and thallium. 
Neutral mine drainage assessment
Tailings extracts for assessment of neutral mine drainage potential were prepared using the Australian Standard Leach Procedure (ASLP, Australian Standard AS4439.2/3). This procedure has been recently introduced to characterise urban and industrial wastes before disposal in appropriate land fill facilities. The test method has been designed to provide a test solution with water quality similar to that of seepage from land fill facilities. This study has shown that the procedure provides a very good indication of seepage water quality from TSFs and waste rock stockpiles containing NAF materials. A deionised water leach without pH adjustment was used to extract contaminants from samples of tailings collected from several profiles of tailings in the TSF to a depth of approximately 2.5 m.
Leachates were analysed for alkalinity, pH, EC, Ag, Al, As, Ba, Bi, Ca, Cd, Cl, Cu, F, Fe, Hg, K, Mg, Mn, Na, Pb, S, Sb, Se, Tl and Zn. A summary of the results for the analysis of surficial tailings (0-100 mm) for selected analytes is presented in Table 3 . 
Soils
Samples of soil from topsoil stockpiles, existing borrow pits and test pits excavated to identify suitable soil for rehabilitation purposes were fully characterised. Two distinct soils types were present; a red-orange gravelly calcareous loam and a black cracking light clay. Both soil types were alkaline, mainly non-saline, and moderately fertile and had low potential for dispersion. Concentrations of heavy metal toxicants were very low. A summary of the thallium data is presented in Table 4 . Most samples had thallium concentrations several orders of magnitude lower than those of the tailings. Like many other heavy metals, thallium forms very insoluble sulphide minerals. However, when sulphides containing thallium are oxidised, most of the oxidation products (such as the hydroxide and carbonate) containing Tl + are moderately soluble and therefore leachable and potentially bioavailable. Table 5 compares solubility of common thallium salts with corresponding lead and zinc salts. 
Soluble
Thallium is highly toxic within the environment with acute effects when absorbed in large amounts, including animal deaths and low growth rates in plants, or death. Acute effects are typically seen two to four days after animals or plants are initially exposed to excessive levels of thallium. Thallium has high acute toxicity to aquatic life (John Peter and Viraraghavan, 2005) . The absence of water quality criteria for this element in the ANZECC 2000 water quality guidelines is due to its rarity and the absence of environmental impact information in an Australian context, and does not indicate that thallium is not a potential environmental hazard.
There is very limited data available to evaluate the chronic effects of thallium on plants, birds or terrestrial animals. However, chronic effects may include shortened lifespan, reproductive problems, lower fertility and changes in appearance or behaviour in exposed animals. These effects can be seen long after the initial exposure. Thallium compounds can also be bioaccumulated within plant and animal tissue, causing chronic health problems to sensitive organisms, which can be transferred to other trophic levels.
The high toxicity of thallium is attributed to an affinity for sulphur-containing enzymes and resembles other heavy metals such as mercury and lead in this respect. The similarity of the Tl + and K + ions allows thallium to inhibit important biological functions controlled by potassium ions.
Distribution of acid soluble thallium in tailings profiles
The levels and distribution of acid-soluble thallium in profiles of four sampling sites in the TSF are shown in Figure 2 . Concentrations in tailings ranged from approximately 3 to 11 mg per kg.
There is no systematic trend in concentrations of acid-soluble thallium with depth or location and the variation is believed to be indicative of the composition of the ore processed at that time. Table 6 . There was also a high negative correlation with calcium. These observations clearly demonstrate that thallium is associated with the sulphide mineralisation rather than calcite in the host limestone formations. Moderately significant correlations were recorded between thallium and elements including lead, arsenic and antimony rather than zinc and cadmium. This suggests that the thallium is more closely associated with galena (PbS) rather than sphalerite (ZnS). Galena is usually more resistant than sphalerite to oxidation and so most of the thallium is considered to be present in a moderately inert form.
The association of thallium with sulphide minerals is consistent with existing information in the literature as reviewed by Nriagu (1998) and references therein. 
Distribution of water soluble thallium in tailings profiles
Although concentrations of total thallium are significantly lower than those of both lead and zinc, concentrations of water soluble forms of all three metals were similar. This result was not unexpected, given the higher solubility of thallium carbonate, hydroxide and sulphate compared to those of the corresponding lead and zinc compounds.
Examination of water leachate results for thallium from all tailings samples, to a maximum depth of 2.6 m collected over three years, indicate that significantly higher concentrations were recorded in samples at or near the surface of the TSF. This trend is evident from Figure 3 , in which concentrations are plotted as a function of depth for samples collected at four locations within the TSF.
Although there is considerable variation, concentrations of thallium in porewater are of similar magnitude to those measured in water extracts of tailings. Porewater concentrations ranged from 0.00007 to 0.0141 mg/L. Concentrations in water extracts of tailings samples collected at 250-260 cm depths, at which depth the tailings were saturated, from the corresponding locations varied from 0.0001 to 0.0047 mg/L. Mine Waste 2010, Perth, Australia 
Figure 3 Profiles of water-soluble thallium concentrations
Statistical analysis of the data for water-soluble analytes showed a different trend to that of the acid-soluble elements, as shown in Table 7 . In this case, water-soluble thallium was highly correlated with other watersoluble cations, especially magnesium, calcium and potassium. This suggests that soluble thallium released by slow oxidation of associated sulphide minerals will concentrate thallium with other water-soluble salts at the tailings surface prior to positioning of a designed soil cover. This was because the rate of upward solute transport by evaporo-transpiration related to diurnal concentration exceeds the rate of simple leaching as a result of rainfall. The final design of covers for each TSF considered the following geotechnical, environmental and geochemical factors relevant to each location:
• Both TSFs are 'paddock style', with large footprint areas.
• The maximum thickness of the soil cover is limited by the relatively small volumes of suitable soil types.
• As both mines were underground operations, the volumes of non-mineralised waste rock types were limited.
• Both mine sites are located in a subtropical environment in which most of the rainfall occurs in summer, including tropical cyclones. The covers were designed to shed most of the water from these intense rainfall events without causing erosion of the soil cover.
• Both mine sites are located on pastoral leases. Cattle will have access to the rehabilitated TSFs. Limestone spinifex (Triodia wiseana) is the preferred rehabilitation species as it is expected to provide stability to erosion and low palatability for livestock.
• The tailings are classified as AF. Sulphate is expected to be the dominant soluble contaminant formed by oxidation of the tailings.
Geochemical characterisation of the tailings clearly demonstrated that there was potential for soluble contaminants, particularly sulphates, lead, zinc, thallium and fluoride to enter the environment, either upwards through the cover by capillary rise or plant uptake, and downwards by accelerated leaching.
Following completion of mining operations, a trial was established on the TSF to compare performance of three different cover designs. The cover specification for each option is presented in Table 8 .
Distribution of thallium in tailings and soil cover
After a period of 12 months, covers incorporating either 400 mm of gravelly subsoil or 300 mm of gravelly subsoil over a 100 mm waste rock layer were found to be highly effective for preventing ingress of thallium from underlying tailings, as shown by Figure 4 . Concentrations of soluble thallium had concentrated in a layer approximately 300 mm below the tailings surface, as had soluble calcium and sulphate (presumably in the form of gypsum). Concentrations of soluble thallium in the overlying soil were several orders of magnitude lower and similar to those listed in Table 4 for natural soils. 
Plant uptake
Samples of plants growing on the TSF cover trial, a TSF rehabilitated several years earlier and natural soils in the area were collected for analysis. There was no evidence to indicate that any of the plant species tested were hyperaccumulators of heavy metals or that plants growing on the TSF covers contained higher metal contents compared to those growing on natural soils.
Seepage to groundwater
Several groundwater monitoring bores were installed around each TSF to determine whether seepage of tailings fluids had impacted upon groundwater quality. Increased sulphate concentrations have been recorded in several bores, which indicates that some seepage has occurred. However, concentrations of heavy metals, especially thallium, have been very low. Lateral movement of metal ions through the natural soil, especially the black cracking clay, is expected to be very low. The black cracking clays have a high smectite clay content, which provides a very high cation exchange capacity (CEC). Cation exchange between thallium (and other metal ions) with calcium and magnesium on the soil exchange sites appears to be effective at removing thallium from solution.
Conclusions
In most circumstances, tailings containing almost 90% of calcium carbonate would be considered environmentally benign. Characterisation of lead-zinc tailings using procedures recommended by the Western Australian Department of Mines and Petroleum (DMP), which focus on potential for ARD generation, clearly demonstrate they are NAF. Elemental composition of these tailings indicated lead, zinc and arsenic were the elements with the highest potential for environmental contamination.
Comprehensive geochemical characterisation using methods to predict NMD water quality identified potential for thallium to be released in water soluble forms upon oxidation. This information was taken into account when designing an appropriate soil cover system to rehabilitate these TSFs upon completion of mining. To minimise potential for transfer of thallium (and other soluble toxicants) to the environment and livestock receptors, a cover design to minimise upward movement through the soil cover and leaching through the tailings was developed. Local soils and waste rock were shown to be suitable rehabilitation materials and their performance has been demonstrated in a cover trial prior to commissioning the final cover design.
